FTY720, a sphingosine 1-phosphate (S1P) receptor modulator, suppresses immune responses by inhibiting T-cell migration into target tissues; however, it does not alter T-cell functions. In this study, we investigated the biological effects of FTY720 on NKT cells. Unlike T cells, FTY720 suppressed the production of IL-4, IFN-g, IL-10, and IL-13 by NKT cells through the S1P1 receptor (S1P 1 ). Moreover, FTY720 also inhibited the expression of T-bet and GATA-3 of NKT cells in the presence of TCR engagement. However, it did not inhibit NKT cell migration in vitro or in vivo. In a K/BxN serum transfer arthritis model, FTY720 suppressed arthritis in B6, but not in CD1d À/À mice. Moreover, the adoptive transfer of control NKT cells restored arthritis in CD1d À/À mice, whereas FTY720-pretreated NKT cells did not. The number of NKT cells in the joints of B6 mice given FTY720 was similar to that in the joints of untreated B6 mice, whereas the production of IL-4 and IFN-g was reduced in the FTY720-treated B6 mice. Taken together, these data show that FTY720 suppresses cytokine production in NKT cells through S1P 1 , but not NKT cell migration. Thus, FTY720 may be useful in the treatment of NKT cell-promoted immune diseases.
B cells between the lymphatic and blood systems by inducing their egression from lymphoid organs. 20 Moreover, S1P regulates cytokine production in T and dendritic cells. 21, 22 FTY720, a potent immune suppressant, is phosphorylated to FTY720p by sphingosine kinase 2 in vivo, and phosphorylated FTY720 (FTY720p) functions as a high-affinity agonist for S1P receptors. 23 FTY720 induces lymphopenia and decreases T-cell infiltration into target organs by sequestering circulating lymphocytes in secondary lymphoid organs. 24, 25 Therefore, FTY720 acts as an immune suppressant in vivo. However, FTY720 does not impair T-cell functions, such as activation or cytokine production. 18, 25 A recent study has shown that S1P 1,2 and S1P 4 mRNA were significantly detected in invariant NKT cells, whereas the transcription level of S1P 3 was relatively low, 26 suggesting that NKT cells express various S1P receptors. Moreover, it was reported that the S1P1 receptor (S1P 1 ) is essential for the migration of NKT cells from the thymus into the peripheral lymphoid tissues. 26 These findings suggest that FTY720 has a critical role in the modulation of immune responses by NKT cells. However, the functional roles of FTY720 in NKT cells are largely unknown. Therefore, we investigated the pharmacological effects of FTY720 on NKT cells and characterized its mechanism of action. We found that, unlike conventional T cells, FTY720 inhibits NKT cell function by inhibiting cytokine production, but it has no effect on migration. À/À mice were obtained from the NIAID-Taconic facility of the National Institutes of Health (Dr Hua Gu). All mice were maintained in a specific pathogen-free environment at the Clinical Research Institute of Seoul National University Hospital. All animal experiments were approved by the Institutional Animal Care and Use Committee of the AAALAC-accredited Clinical Research Institute at the Seoul National University Hospital.
MATERIALS AND METHODS
Reagents and Antibodies FTY720 was prepared as a hydrochloride salt according to a custom procedure. 27 FTY720p was synthesized in racemic form from FTY720 using a modified version of a previously described method. 28 D-erythro-sphingosine-1-phosphate (S1P) was purchased from Biomol International, LP (Plymouth Meeting, PA, USA) and dissolved in DMSO. Pertussis toxin (PTX) was purchased from Sigma-Aldrich (P2980, St Louis, MO, USA).
In Vivo Administration of a-GalCer C57BL/6 and CD1d À/À mice were intraperitoneally (i.p.) injected with 1 mg a-GalCer (Alexis, San Diego, CA, USA, or synthesized according to a previously reported protocol 29 ) dissolved in PBS (300 ml).
Cell Preparation and Sorting
For the preparation of hepatic mononuclear cells, the livers were homogenized and resuspended in loading buffer (PBS plus 10% FBS and 1 mM EDTA) and overlaid onto lympholyte-M (Cedarlane, ON, Canada). After centrifugation for 20 min at 900 Â g at 15 1C, hepatic mononuclear cells were isolated from the interface. The thymus and lymph nodes were homogenized to create single-cell suspension, whereas red blood cells from the spleens and bone marrow (BM) were removed using the lysis solution (PUREGENE; Gentra Systems). For sorting of the NKT cells, hepatic mononuclear cells were stained with PE-conjugated anti-NK1.1 (BD Bioscience, San Diego, CA, USA) and CyChrome-conjugated anti-TCR-b (BD Bioscience). The stained cells were then sorted by FACStarPlus using the CellQuest software. The purity of the sorted cells was 498%.
Transwell Migration Assay
Liver mononuclear cells, and sorted T or NKT cells were preincubated with FTY720p (1 mg), or PTX (50 ng), and then washed with PBS. Liver mononuclear cells (1 Â 10 5 cells per chamber), sorted NKT cells (1 Â 10 4 cells per chamber), or T cells (5 Â 10 4 cells per chamber) were placed in the upper chamber of a Costar plate (5.0-mm-pore size membrane; Corning Incorporated Costar Transwell), whereas 600-800 ml of media containing 1 mg/ml of S1P, SEW2871 (Calbiochem, UK), or CCL19 (Milteny Biotec GambH) was placed in the bottom chamber. After 24 or 12 h of incubation, the cells in the upper and bottom chambers were stained with PE-conjugated anti-NK1.1 and CyChrome-conjugated anti-TCRb mAbs or without staining with these antibodies, and counted. The migration index was calculated as the percentage of cells that migrated into the bottom chambers among total cells incubated in the upper chambers.
ELISA

Sorted NKT cells (2 Â 10
5 cells per well) were incubated with anti-CD3 mAb (0.5 mg/ml) and/or FTY720p or S1P for 48 h in a 12-well plate. In addition, hepatic mononuclear cells were stimulated with a-GalCer, or a-GalCer þ FTY720p, or S1P for 24 h. The culture supernatants were subjected to ELISA according to the manufacturer's instructions (BD Bioscience).
Intracellular Staining of T-bet and GATA-3
For intracellular staining of T-bet and GATA-3, hepatic mononuclear cells were incubated with GolgiPlug for 24 h, and then stained with anti-NK1.1 and TCR-b mAb. After surface staining, the cells were resuspended in Fixation/Permeabilization Role of FTY720 in cytokine production of NKT cells SJ Hwang et al solution (BD Bioscience) and stained with anti-T-bet or GATA-3 mAbs according to the manufacturer's protocol.
Serum Transfer and Arthritis Scoring K/BxN mice with arthritis were bled and the sera were pooled. Recipient mice were then injected i.p. with 150 ml of the pooled K/BxN sera on days 0 and 2. Ankle thickness was measured using calipers (Manostat, Switzerland). Joint swelling was monitored and scored as follows: 0, no joint swelling; 1, swelling of one finger joint; 2, mild swelling of the wrist or ankle; and 3, severe swelling of the wrist or ankle. To test the biological effects of FTY720 or S1P on serum transfer arthritis, 20 mg of FTY720 or S1P was injected i.p. into B6 or CD1d À/À mice 1 day before the first injection of K/BxN serum.
Adoptive Transfer Experiment
Sorted NKT cells were incubated with FTY720p (1 mg in 1 ml) or none for 15 min, and then washed twice with PBS. These cells (in 500 ml PBS) were injected intravenously into CD1d À/À mice 2 days before the first injection of K/BxN serum.
Real-Time-PCR Analysis
For real-time PCR, total RNA was isolated from the joint tissue, spleen, or liver mononuclear cells using an RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. The RNA was then reverse transcribed using MMLV-RT Taq polymerase (Koschem, Seoul, Korea) before PCR. A total of 1 mg cDNA was amplified using TaqMan Universal Master Mix (Perkin-Elmer Biosystems, Waltham, MA, USA), a gene-specific TaqMan probe, forward and reverse primers, and water. Gene-specific amplication was measured using an Applied Biosystems 7500 Sequence Detection System (Perkin-Elmer Biosystems); the results for each cytokine were normalized vs GAPDH expression. The following primers and probes were synthesized by Applied Biosystems or Biosource: GAPDH (TagMan pre-developed Assay Reagent: 4352339E); IFN-g (TaqMan pre-developed Assay Reagent: 4339850F); T-bet (Mm00450960_m1), GATA-3 (Mm00484683_m1), TGF-b 1 , GCAACATGTGGAACTCTACC AGAA (forward), GACGTCAAAAGACAGCCACTCA (reverse), and FAM-ACCTTGGTAACCGGCTGCTGACCC-TAMRA; IL-4 (Biosource predeveloped Assay Reagent: Primer Set GMC0044); Va14-Ja18 TCR: GTGTGGTGGGCGATAGAG GT (forward) ACAACCAGCTGAGTCCCAGC (reverse), and FAM-CAGCCTTAGGGAGGCTGCATTTTGG-TAMRA.
Statistical Analysis
Statistical significance was analyzed using Prism3.0 (GraphPad Software). Student's t-tests were used to determine the P-value when comparing two groups. P-values o0.05 were considered significant. One-way ANOVA test was performed and then the post test was conducted if overall Po0.05 for the migration index. The results are expressed as a mean þ s.e.m.
RESULTS
FTY720 Suppresses the Migration of T Cells but not of NKT Cells
FTY720 is an immune suppressant that inhibits the migration of conventional T cells to target organs. Therefore, we compared the pharmacological effects of FTY720 on the S1P-induced migration of conventional T cells and NKT cells. To address this issue, we measured the number of total cells, T, NK, and NKT cells in the BM, spleen, thymus, liver, and lymph nodes from the FTY720-treated B6 mice and control mice. Cell numbers in the thymus and lymph nodes from the FTY720-treated B6 mice were higher than those from the control B6 mice, whereas cell numbers in the BM, spleen, and liver from the control mice were similar to those from the FTY720-treated B6 mice ( Figure 1a ). The number of T cells in the thymus, lymph nodes, and spleen of B6 mice injected with FTY720 was significantly higher than that in control B6 mice, whereas FTY720 injection reduced the number of T cells in the livers of B6 mice. However, NKT and NK cell numbers in the thymus, lymph nodes, spleen, liver, and BM were similar to each other (Figure 1b-f). These findings suggest that FTY720 inhibits T-cell migration from the thymus, lymph nodes, and spleen into the blood, but it does not suppress NKT and NK cell migration. To confirm this suggestion in vitro, we investigated the S1P-induced migration of T and NKT cells using a transwell system with a semipermeable membrane. First, to investigate whether S1P induces the migration of T and NKT cells, and to determine which S1P receptors are involved in the induction of T and NKT cell migration, liver mononuclear cells from B6 mice were incubated in the upper chamber of a transwell system with or without pre-incubation with FTY720p or PTX. Here, PTX uncouples G i and G o proteins from S1P receptors by catalyzing the ADP-ribosylation of a-subunits, resulting in blocking signal transduction.
30 S1P 1 signals exclusively through PTX-sensitive G i and G o proteins, whereas S1P 2 , S1P 3 , S1P 4 , and S1P 5 couple to the PTX-sensitive as well as PTX-insensitive G 12 , G 13 , or G q proteins. [31] [32] [33] Therefore, all effects of S1P 1 are PTX sensitive. Moreover, SEW2871 selectively binds and activates S1P 1 through a combination of hydrophobic and ion-dipole interaction. 34 On S1P or SEW2871 stimulation, T and NKT cells migrated into the bottom chamber. PTX inhibited the S1P-induced migration of T and NKT cells. These results suggest that S1P induces T-and NKT-cell migration by engaging S1P 1 rather than others ( Figure 2a ). Moreover, FTY720p inhibited S1P or SEW2871-induced migration of T cells but not of NKT cells (Figure 2a-d) . Therefore, to further examine whether FTY720p inhibits the S1P or SEW2871-induced migration of NKT cells in vitro, sorted T or NKT cells were incubated with or without FTY720p in the upper chamber of a transwell system and induced to migrate into the bottom chamber by an S1P or SEW2871 gradient. FTY720 is rapidly phosphorylated in vivo, and, therefore, FTY720p rather than FTY720 acts as a modulator of S1P receptor. 35 Thus, we used FTY720p in our in vitro experiments, whereas FTY720 was administered in our in vivo experiments. FTY720p inhibited S1P or SEW2871-induced T-cell migration into the bottom chamber, whereas it had little effect on S1P or SEW2871-induced NKT cell migration (Figure 2a-d) . These data indicate that FTY720p suppresses the S1P or SEW2871-induced migration of T cells but not of NKT cells.
FTY720 and S1P Suppress Cytokine Production by NKT Cells Through S1P 1 On activation, NKT cells rapidly produce large amounts of IL-4, IL-10, IL-13, and IFN-g, 36 which contribute to the regulation of various immune responses in vivo. Therefore, to investigate the functional roles of FTY720 and S1P in the production of cytokines by NKT cells, we measured the amounts of cytokines, (eg, IL-4, IL-10, IL-13, and IFN-g) secreted from NKT cells after S1P receptor and/or CD3 engagement. The titration assays showed that 1 mg/ml was the optimal concentration of S1P or FTY720 to suppress cytokine production of NKT cells in vitro (data not shown). FTY720p and S1P reduced the production of IL-4, IFN-g, IL-10, and IL-13 by NKT cells in the presence of TCR engagement (Figure 3a) . S1P suppressed the production of IL-4 and IFN-g of T cells but enhanced the production of IL-10 in the presence of TCR engagement, whereas FTY720 did not alter cytokine production of T cells (Figure 3a) . To confirm the suppressive effects of S1P and FTY720 on NKT cell cytokine production in vivo, we injected the B6 and CD1d
À/À mice Role of FTY720 in cytokine production of NKT cells SJ Hwang et al with a-GalCer þ S1P or FTY720 and measured the serum levels of IL-4, IFN-g, IL-10, and IL-13. The administration of FTY720 or S1P to B6 mice injected with a-GalCer reduced IL-4, IFN-g, IL-10, and IL-13 production in the serum compared with B6 mice injected with a-GalCer alone ( Figure  3b ). These findings indicate that FTY720 and S1P suppress cytokine production in NKT cells in the presence of TCR signals in vitro and in vivo. Next, we investigated whether the suppressive effects of FTY720 and S1P on NKT cells are mediated by S1P receptors, and which S1P receptor contributes the most to the inhibition of NKT cell cytokine production. NKT cells were pretreated with PTX, and then incubated with a-GalCer þ FTY720 or S1P. After incubation, the amount of IL-4 and IFN-g in the culture supernatant was measured. PTX restored the production of IL-4 and IFN-g in NKT cells incubated with a-GalCer þ FTY720 or S1P (Figure 3c ), indicating that FTY720 or S1P-mediated suppression of NKT cell cytokine production depends on G i/o proteins coupled to S1P receptors. These findings suggest that FTY720 and S1P suppress cytokine production in NKT cells through S1P 1 .
T-bet and GATA-3 are key transcription factors that regulate the expression of Th1/Th2 cytokine genes, respectively. [37] [38] [39] Therefore, it has been hypothesized that T-bet and/or GATA-3 might contribute to the reduction in cytokine production by NKT cells through S1P receptor engagement. Thus, we examined the intracellular expression of T-bet and GATA-3 in B6 mouse NKT cells stimulated with a-GalCer þ FTY720p or S1P. NKT cells stimulated with a-GalCer alone showed an increase in both T-bet and GATA-3 expression, whereas a-GalCer did not alter the expression of T-bet or GATA-3 in T cells (Figure 3d ). However, FTY720p-or S1P-mediated S1P receptor engagement reduced the intracellular expression of T-bet and GATA-3 in NKT cells in the presence of TCR signaling compared with NKT cells stimulated with a-GalCer alone (Figure 4d ). Consistent with flow cytomeric analysis, real-time PCR analysis showed that FTY720p reduced the expression levels of T-bet and GATA-3 in splenocytes or liver mononuclear cells stimulated with a-GalCer (Figure 3d ). These findings suggest that FTY720p and S1P reduce the expression of T-bet and GATA-3, which in turn suppress cytokine production by NKT cells on TCR engagement. Moreover, T-bet and GATA-3 may be involved in suppressing cytokine production in FTY720-and S1P-treated NKT cells.
FTY720 Inhibits Antibody-Induced Arthritis by
Suppressing NKT Cell Cytokine Production but not Migration NKT cells have an indispensable role in the development of antibody-induced joint inflammation by suppressing TGF-b1 production in joint tissues, which in turn is dependent on IL-4 and IFN-g secreted from NKT cells. 4 Therefore, we hypothesized that FTY720 suppresses cytokine production by NKT cells in joint tissues, which contributes to a reduction in joint inflammation. To investigate the specific effects of FTY720 on NKT cells, sorted NKT cells treated with or without FTY720p in vitro were administered to CD1d À/À mice with antibody-induced joint inflammation. As previously reported, the B6 mice showed measurable joint swelling after serum transfer, whereas CD1d À/À mice were resistant to the development of arthritis. 4 Joint swelling in CD1d À/À mice given NKT cells pre-incubated with FTY720p was minimal, as in CD1d À/À mice, whereas CD1d À/À mice given untreated NKT cells showed as much joint inflammation as did B6 mice (Figure 4a and b) . IL-4 and IFN-g levels in the joint tissues of CD1d À/À mice given FTY720p-pretreated NKT cells by adoptive transfer were lower than those in CD1d À/À mice, given untreated NKT cells in a K/BxN serum transfer model (Figure 4c) . Moreover, the transcription of TGF-b1 was increased in CD1d À/À mice adoptively transferred with FTY720p-pretreated NKT cells vs CD1d À/À mice transferred with untreated NKT cells from B6 mice (Figure 4c ). To investigate how many NKT cells had infiltrated the joint tissues, we measured the Va14-Ja18 TCR mRNA level in the joint tissues of B6, CD1d À/À , and CD1d
À/À mice given FTY720p-pretreated or untreated NKT cells in a K/BxN serum transfer arthritis model. The transcription of Va14-Ja18 TCR in the joint tissues of CD1d À/À mice given NKT cells with or without FTY720p-pretreatment was similar to that in the joint tissues of B6 mice, whereas no transcription was detected in the joint tissues of CD1d À/À mice ( Figure 4c ). These data indicate that FTY720p does not inhibit the migration of NKT cells into the joints of mice with antibody-induced joint inflammation. Together, these data indicate that FTY720 specifically suppresses cytokine production in NKT cells but not their migration into the joints, which contributes to a reduction in antibody-induced joint inflammation. Next, to determine the therapeutic effects of FTY720 on antibody-induced arthritis through NKT cells, we examined joint inflammation in B6 or CD1d À/À mice injected with FTY720 in a K/BxN serum transfer arthritis model. FTY720 significantly decreased joint inflammation in the B6 mice, whereas joint inflammation was markedly decreased in CD1d À/À mice, and addition of FTY720 exerted a minimal effect (Figure 5a ). On K/BxN serum transfer, lesser IL-4 and IFN-g was present in the joint tissues of FTY720-treated B6 mice than in control B6 mice. Conversely, the FTY720-treated B6 mice had a greater amount of TGF-b1, as did the CD1d À/À mice, whereas no alteration in cytokine level was observed in the FTY720-treated or control CD1d À/À mice (Figure 5b ). Real-time PCR showed that Va14-Ja18 (1 Â 10 6 per well) (lower panel) were incubated in the presence or absence of anti-CD3 mAb(1 mg/ml) þ anti-CD28(1 mg/ml) mAbs. The amount of IL-4, IFN-g, IL-10, or IL-13 in the culture supernatant was measured by ELISA. (NS, not significant, *Po0.05 and **Po0.01, anti-CD3 vs anti-CD3 þ S1P or anti-CD3 þ FTY720p, anti-CD3 þ anti-CD28 mAbs vs anti-CD3 þ anti-CD28 mAbs þ S1P or anti-CD3 þ anti-CD28 mAbs þ FTY720p). (b) B6 and CD1d À/À mice were intraperitoneally injected with S1P (20 mg in 300 ml PBS per mouse) or FTY720, or with a-GalCer (1 mg in 300 ml PBS) þ S1P or FTY720, and IL-4, IFN-g, IL-10, and IL-13 were measured at various time points by ELISA. The data shown are the means ± s.d. for three mice in each group. Similar results were obtained from three independent experiments. (*Po0.05 and **Po0.01, B6 mice þ a-GalCer vs B6 mice þ a-GalCer þ S1P or B6 mice þ a-GalCer þ FTY720). TCR transcription in the joint tissues of FTY720-treated B6 mice was similar to that in the joint tissues of B6 control mice (Figure 5c ). Thus, FTY720 is a strong therapeutic candidate for antibody-induced joint inflammation given its ability to suppress cytokine production in NKT cells without affecting their infiltration into joint tissues.
DISCUSSION
It was recently shown that NKT cells exhibit defects in egression from the thymus into the periphery in thymocytespecific S1P 1 À/À mice, suggesting that S1P has critical roles in promoting NKT cell migration. 26 Consistent with that suggestion, our study showed that S1P induces the migration of NKT cells in vitro. Moreover, S1P downregulated the production of IL-4, IFN-g, IL-10, and IL-13 in NKT cells by S1P 1 engagement. In a K/BxN serum transfer arthritis model, S1P attenuated antibody-induced joint inflammation by suppressing IL-4 and IFN-g production in NKT cells (data not shown). These findings suggest that S1P has essential roles in the migration and cytokine production of NKT cells in vivo through the engagement of S1P 1 . In conventional T cells, S1P also regulates migration from the thymus and secondary lymphoid organs into the circulatory system, and cytokine production by the downregulation of IL-4 and Role of FTY720 in cytokine production of NKT cells SJ Hwang et al IFN-g and enhancement of IL-10 production as shown in Figure 3a , 21 whereas FTY720 does not alter cytokine production in T cells. 18, 25 Unlike NKT cells, two types of S1P receptors are differentially responsible for the regulation of migration and cytokine production in T cells: S1P 1 enhances the migration of T cells, whereas S1P 4 modulates cytokine production by T cells. 21 In addition, S1P 5 regulates NK cell trafficking in vivo. 40 Thus, S1P 1 provides the signals necessary for the S1P-mediated migration of T and NKT cells, whereas S1P 5 regulates NK cell trafficking in vivo. As far as cytokine production is concerned, S1P 1 regulates the S1P-mediated modulation of cytokine production by NKT cells, whereas this regulation is achieved by S1P 4 in T cells.
FTY720, a homolog of S1P, induces lymphopenia in the blood by sequestering T cells in the lymph nodes, resulting in S1P/S1P 1 -dependent immune suppression in vivo. 23, 41 Unlike T cells, NKT cells did not exhibit FTY720-induced sequestration in lymphoid organs. Moreover, FTY720p inhibited S1P-induced T-cell migration in vitro, but minimally suppressed NKT cell migration. However, it was consistently found in our experiments that FTY720 injection slightly increased T-cell number in the spleen, although FTY720 did not increase the number of T cells in the spleen in several reports. Recently, Kurashima et al 42 showed that FTY720 inhibited the migration of pathogenic CD4 þ T cells from the spleen into the large intestine, resulting in an accumulation of these T cells in the spleen and preventing allergic diarrhea. Therefore, it should be further investigated for pharmacological effects of FTY720 on splenic T-cell migration.
In a K/BxN serum transfer arthritis model, FTY720 did not prevent NKT cells from infiltrating into the joint tissues of B6 mice. These data indicate that FTY720 minimally affects NKT cell migration and infiltration into target organs during the immune response in vivo, which is consistent with recently published results. 26 Two possible mechanisms by which FTY720 sequesters T cells in secondary lymphoid organs have been suggested. 35 First, the internalization of S1P 1 after engagement by FTY720 may inhibit S1P gradient-dependent T-cell migration. Second, the FTY720-mediated engagement of S1P 1 on endothelial cells may induce closure of the stromal gates proximal to the lymphatic sinus, resulting in the prevention of T cells from entering into the efferent lymphatic vessels. 35 Alternatively, a recent study has suggested that the increased resistance of NKT cells to sequestration from the blood into the secondary lymphoid organs may be attributed to the low cell-surface expression of CD62L. 26 Moreover, it was shown that FTY720-mediated homing of T cells was dependent on various chemokines (such as CCL19, CCL21, VLA-4a, and CD44 43 ) , and chemokine receptors, such as CCR2, CCR5, CCR7, and CXCR4. 44 These findings suggest that the differential modulation of chemokine production and chemokine receptor expression in T and NKT cells by FTY720 might partly explain the mechanisms by which FTY720 differentially affects the migration of these cells in secondary lymphoid organs. However, the mechanisms described above for the FTY720-mediated sequestration of T cells do not seem to be mutually exclusive. Combined, the differential kinetics of S1P 1 internalization between NKT cells Role of FTY720 in cytokine production of NKT cells SJ Hwang et al and T cells, the stromal gate-dependent, CD62L-, and chemokine/chemokine receptor-mediated mechanisms may be possible explanations for the resistance of NKT cells to FTY720-mediated sequestration.
In vitro assays showed that FTY720p does not alter the proliferation or cytokine production in T cells, but instead sequesters circulating T cells in lymphoid organs. 41, [45] [46] [47] [48] [49] Unlike T cells, FTY720p inhibited the TCR-mediated cytokine production of NKT cells through S1P 1 , whereas it did not regulate the S1P-induced migration of NKT cells in vitro. Furthermore, FTY720 attenuated antibody-induced joint inflammation by suppressing cytokine production in NKT cells, whereas FTY720 minimally inhibited NKT cell infiltration into joint tissues. On FTY720p treatment, the NKT cells altered their expression of transcription factors such as T-bet and GATA-3, whereas conventional T cells did not. These findings indicate that FTY720 regulates immune responses in vivo by suppressing cytokine production in NKT cells, and that different intrinsic factors may be involved in the cellular response to FTY720 in T and NKT cells. Recently, it was reported that FTY720 induces apoptosis in leukemic cells in acute lymphoblastic leukemia and chronic lymphocytic leukemia, and in T cells. 50, 51 These findings suggest that FTY720 also induces apoptosis in NKT cells, which may contribute to the reduction of cytokine production by NKT cells in vitro and in vivo. However, we found that FTY720 does not induce apoptosis in NKT cells (data not shown), indicating that the suppressive effect of FTY720 on cytokine production in NKT cells is not due to apoptosis. Moreover, PTX, a G i/o protein inhibitor, inhibited FTY720 or S1P-mediated suppression of cytokine production by NKT cells, which were stimulated with a-GalCer in vitro. On the basis of these findings, it is clear that S1P 1 engagement mediates the S1P-or FTY720p-induced suppression of cytokine production in NKT cells.
For therapeutic purposes, many groups have focused on the development of activating rather than suppressive reagents because NKT cells have protective roles in most autoimmune diseases, transplantation, and tumor surveillance. However, several studies have shown that NKT cells also promote the development or progression of immune diseases, such as asthma, 14 rheumatoid arthritis, 4 and atherosclerosis. 15 Therefore, there is a need for therapeutic strategies to inhibit these immune diseases by inhibiting NKT cell function. Our study clearly shows that FTY720 inhibits cytokine production but not joint tissue migration of NKT cells in an antibody-induced arthritis model, suggesting that FTY720 may be a useful therapeutic agent for the suppression of NKT cell cytokine production. The arthritis in our experiments was completely suppressed by the adoptive transfer of sorted NKT cells pretreated with FTY720 in CD1d À/À mice, and moreover, K/BxN serum transfer-induced arthritis depends on innate immune system rather than on adaptive immune response. 52 Therefore, it is less likely that the suppressive effect of FTY720 on joint inflammation was partly attributable to suppression of T-cell migration into the joint tissues in the K/BxN serum transfer model. Similar to antibody-induced arthritis, NKT cells promote asthma and atherosclerosis by producing various cytokines. 4, 14, 15 On the basis of these findings, the suppression of cytokine production by NKT cells may be a useful therapeutic strategy for preventing asthma and atherosclerosis, as shown for antibody-induced joint inflammation. 14, 15 Moreover, FTY720 attenuates asthma, arthritis, and atherosclerosis in animal models. [53] [54] [55] Therefore, we hypothesize that the suppressive effects of FTY720 on asthma and atherosclerosis may partly be attributed to the inhibition of cytokine production by NKT cells. Taken together, these data indicate that FTY720 is a candidate NKT cell-based therapeutic agent for the regulation of immune diseases, such as rheumatoid arthritis, asthma, and atherosclerosis.
In conclusion, FTY720 suppresses cytokine production in NKT cells, whereas it minimally affects their migration, which is distinct from the FTY720-mediated sequestration of T cells. Thus, FTY720 may be a useful part of NKT cell-based immune therapies to treat immune diseases promoted by NKT cells.
